Introduction {#S0001}
============

The basidiomycete species *Heterobasidion parviporum* Niemelä & Korhonen is a white-rot fungus, causing the root and stem rot of Norway spruce (*Picea abies* (L.) Karst.), the economically most important timber species in Europe, and extensive revenue losses every year \[[1](#CIT0001)\]. The fungus infects fresh stump surfaces by means of aerial basidiospores being released from fruiting bodies, whereas it reproduces asexually by production of asexual spores called conidiospores. Under appropriate conditions, the conidiospores germinate to form a network of interconnected hyphae called mycelia. This pathogen feeds on dead wood substrates as a saprotroph, but can also establish a necrotrophic interaction with the host provided the living plant cells are encountered \[[1](#CIT0001)\]. Despite its outstanding economic significance, the complex dual lifestyles plus the unavailability of an efficient transformation system in *H. parviporum* have rendered many fundamental biological questions of this pathogen unanswered or not sufficiently addressed.

Emerging studies have made the presence of assorted gene regulatory mechanisms well recognized. Epigenetic regulations encompassing the chromatin-based regulatory events without alterations in DNA sequence such as chromatin remodeling, histone modification and DNA methylation are essential for precise and stable control of various nuclear processes \[[2](#CIT0002)\]. DNA cytosine methylation is a common epigenetic regulation that has been found in diverse eukaryotic species including animals, plants and fungi \[[3](#CIT0003)\], and appears to be involved in the silencing of transposable elements (TEs) and repeat sequences, genome stability, development, and regulation of transcription \[[3](#CIT0003)--[5](#CIT0005)\]. It has been reviewed that DNA methylation occurred in gene bodies, promoters and repetitive elements of studied vertebrates and plants, whereas invertebrate lineages showed DNA methylation preferences mainly for gene bodies \[[3](#CIT0003),[6](#CIT0006)\]. The methylated promoter is perceived as the repressive transcriptional mark of genes and methylation in TEs is considered as a defense mechanism against their deleterious proliferation in genomes \[[6](#CIT0006)\].

Compared to the higher eukaryotic counterparts, DNA methylation in fungi is relatively less frequently studied. With the exception of *Uncinocarpus reesii*, most of methylated cytosines were originally found localized in transcriptionally silent, repetitive loci and absent within active genes, leading to a consensus notion that DNA methylation in fungi is primarily dedicated to TE suppression to maintain genome integrity \[[3](#CIT0003),[7](#CIT0007)\]. Nonetheless, recent studies in increasing number of fungal species not only revealed the significantly varied number of the methylated genomic cytosines (e.g., 0.22% in *Magnaporthe oryzae* \[[8](#CIT0008)\], 0.38--0.42% in *Metarhizium robertsii* \[[9](#CIT0009)\], 1.8% in *Ganoderma sinense* \[[10](#CIT0010)\], 6.4--7.7% in *Cryphonectria parasitica* \[[11](#CIT0011)\], 36.9--39.6% in *Tuber melanosporum* \[[12](#CIT0012)\]), but also the occurrences of methylation in and around genes \[[8](#CIT0008)--[11](#CIT0011),[13](#CIT0013)\], suggesting that DNA methylation in fungi may have more complicated patterns and divergent functions than we previously thought. For example, in addition to the roles in genome defense \[[8](#CIT0008),[10](#CIT0010),[12](#CIT0012)\], DNA methylation as a dynamic epigenetic entity may contribute to fungal development in *M. oryzae* \[[8](#CIT0008),[9](#CIT0009)\], regulation of secondary metabolism in *G. sinense* \[[10](#CIT0010)\], and cell morphology transition in *Candida albicans* \[[13](#CIT0013)\] via modulation of transcriptional activities of relevant genes.

The recently published reference genome of *H. parviporum* 96026 \[[14](#CIT0014)\] enables a wider range of studies conducted in this species. Therefore, in our study, by employing whole-genome bisulfite sequencing, we uncovered the genome-wide DNA methylation pattern associated with different lifestyles (saprotrophy and necrotrophy) and asexual lifecycle stages (free-living mycelia and conidiospores) of *H. parviporum* 96026. We also performed RNA-seq and identified key genes or pathways that were deemed as specific to each stage under study. With the comparison of the transcriptomic profiles to methylation patterns, we predicted the general function of DNA methylation in *H. parviporum* fungal genome and possible implications in the transcriptional regulation of its asexual development and lifestyle transition. Our study highlights the function of DNA methylation in fungi and also presents the first methylome map of a conifer fungal pathogen that provides the basis for expanding the perspective on the regulation of several of its essential biological processes.

Results {#S0002}
=======

In the present study, we utilized the freshly harvested conidiospores (SPORE) of *H. parviporum* 96026 as the starting point. A considerable mycelial biomass derived from germination of conidiospores was observed after three-week growth in Hagem liquid medium (MYCEL). Norway spruce sawdust inoculated with mycelia was fully colonized and turned brownish after one-month incubation. The pre-colonized sawdust was then used as inocula to infect standing Norway spruce trees in the forest ([Figure 1(a](#F0001)--[c)](#F0001)). Obvious necrosis was developed over the three and half months of infection period in all inoculated trees ([Figure 1(d](#F0001))). Therefore, fungal samples recovered from sawdust inocula and invaded necrotic stem tissue surrounding inoculated holes represented saprotrophic growth (SAP) and necrotrophic growth (NECT), respectively.10.1080/15592294.2018.1564426-F0001Figure 1.Inoculation and harvesting of samples. (a) Illustration of field inoculation. (b) Inoculated holes filled with sawdust pre-colonized by *H. parviporum*. (c) Area surrounding the inoculated holes after harvesting of sawdust. The arrow indicated the necrotrophic growth of *H. parviporum* (d) Stem after harvesting of the area surrounding the inoculated holes. The arrow indicated the necrosis caused by fungal infection.

Whole-genome bisulfite sequencing {#S0003}
=================================

Bisulfite sequencing (BS-seq) enabled the generation of genome-wide DNA methylation profiles of *H. parviporum* MYCEL, SPORE, SAP and NECT samples at single-base resolution. After trimming and filtering, BS-seq yielded about 15--18 million clean reads for MYCEL and SPORE samples, and 36--43 million clean reads for SAP. As the NECT samples contained a majority of cells from Norway spruce and *H. parviporum* did not necessarily infect evenly in the harvested stem tissues, 54--224 million clean reads were generated to ensure the concordant coverage and sequencing depth among the three NECT replicates. Mapping of those reads to *H. parviporum* 96026 genome resulted in 86.82% to 88.81% coverage of the 37.76 Mb genome at the depth of 7.35 to 32.20. In addition, 79.16% to 87.49% of the cytosines present in the whole genome were covered by at least one read ([Table 1](#T0001)). All samples were reported to have at least 99.31% of conversion rate by Beijing Genomic Institute (BGI, Shen-Zhen, China) using an unmethylated lambda genome spike-in.10.1080/15592294.2018.1564426-T0001Table 1.BS-seq, RNA-seq reads and mapping to the *H. parviporum* reference.SampleClean trimmed BS-seq readsUniquely mapped BS-seq readsAverage depth (X)Coverage (%)C sites covered by reads (%)Uniquely mapped RNA-seq read pairsMYCEL114,870,2609,654,87023.4088.3386.8020,310,912MYCEL217,410,08611,607,15228.3688.4887.1620,831,526MYCEL316,709,5329,758,45424.0788.2686.6818,176,796NECT1224,293,6604,079,6509.3588.6482.3210,450,332NECT2110,926,6643,106,5667.5288.8180.7012,242,118NCET354,145,2922,974,2887.3588.4979.1614,923,771SAP136,020,6806,413,30215.5488.1185.5527,594,109SAP243,535,0746,447,11415.4288.2185.8731,173,620SAP336,003,2327,018,92617.2888.2186.1134,372,560SPORE115,205,83410,393,94425.4387.3587.2436,022,809SPORE218,230,64613,091,25432.2086.8287.4939,921,109SPORE315,107,95610,257,48025.1386.9087.1431,634,395

Genome-wide DNA methylation pattern {#S0004}
===================================

The global methylation level (mC/total C in all reads) of all samples ranged from 3.3% to 5.2% (Supplementary Table S1). When the nucleotide contexts were considered, methylation demonstrated a strong preference for CpG sites (6.7--9.3%) than non-CpG sites (CHG and CHH; H = A, T and C) (2.0--3.7%) in all conditions (Supplementary Table S1). As the global methylation level is only an indirect indicator of methylation in genome, the methylated cytosine (mC) sites across the genome were further examined. MYCEL and SPORE samples had 2,204,776--2,663,573 and 2,319,664--2,735,650 mC sites detected, accounting for 11.02--13.32% and 11.60--13.68% of all genomic cytosines, respectively, followed by SAP samples (1,957,905--2,046,579 mC; 9.79--10.23%) (Supplementary Table S2). The NECT samples had markedly the lowest number of mC sites (1,321,889--1,527,846 mC; 6.61--7.64%) (Supplementary Table S2), which might be slightly underestimated considering the comparatively smaller number of C sites covered by reads ([Table 1](#T0001)). The relative proportion of mC sites in the three nucleotide contexts were similar in all samples (47--52% in CHH, 30--36% in CpG, and 17--18% in CHG) ([Figure 2(a](#F0002))), indicating a methylation homogeneity in terms of the three types of nucleotide contexts.10.1080/15592294.2018.1564426-F0002Figure 2.*H. parviporum* DNA methylation pattern. (a) Relative proportions of mC sites in the three nucleotide contexts. R1, R2 and R3 indicated the three biological replicates of each condition. (b) Methylation density in CpG, CHG and CHH contexts. (c) Average methylation level in different functional genomic regions including TEs, 1.5 kb upstream of genes, gene, 1.0 kb downstream of genes, exons and introns. (d) Zoomed in average methylation level in gene and gene upstream till 1.5 kb and downstream till 1.0 kb. Vertical dash line represented the transcribed region of genes. Biological replicates were shown in the same color.

Despite a substantial proportion of methylation in non-CpG contexts, CpG context showed the highest methylation density (mCpG/total genomic CpG sites) in all conditions ([Figure 2(b](#F0002)), Supplementary Table S2). In addition, the distribution of methylation levels of each mC site revealed that CpG methylation level displayed a bimodal distribution, consisting of either highly (\>80%) or weakly methylated (\<20%) CpG sites ([Figure 3](#F0003)). However, non-CpG contexts were generally dominated by cytosines with lower methylation level (\<50%) ([Figure 3](#F0003)). NECT showed the highest average methylation level, followed by SAP. MYCEL and SPORE both had similarly lower average methylation level with SPORE being slightly less methylated ([Figure 3](#F0003)). This result was consistent with the principal component analysis (PCA) of methylation level of all mC sites, where MYCEL and SPORE clustered together, separated from NECT with SAP located in between these two groups (Supplementary Figure S1A).10.1080/15592294.2018.1564426-F0003Figure 3.Distribution of DNA methylation levels in CpG, CHG and CHH contexts of all samples. Vertical dash lines represented the average methylation level in each biological replicate. The arrows denoted the average methylation level among the three biological replicates together with its standard error.

The mC sites were not evenly distributed in the *H. parviporum* genome. The gene and TE densities together with methylation density in CpG, CHG and CHH contexts were calculated in 10-kb windows across the genome. Notably, the methylation densities of the three replicates in each condition were coherently distributed, which all exhibited similar trend with TE density, suggesting that mC sites generally concentrated in TE-rich, gene-poor regions in all conditions ([Figure 4](#F0004), Supplementary Figure S2). Further Spearman correlation test revealed a stronger correlation of CpG methylation density with TE density (*rho *= 0.45--0.54) than non-CpG context (CHG *rho *= 0.27--0.42; CHH *rho *= 0.21--0.36). The average methylation level in distinct genomic features (TEs, genes, exons, introns, 1.5 kb up- and 1.0 kb downstream of genes) further confirmed that TEs were heavily methylated in both CpG (\>90%) and non-CpG (\>20%) sites in all samples ([Figure 2(c](#F0002))). Strikingly, there were certain extent of methylation in genic features. However, the methylation level of gene transcribed regions in CpG context were lower than their flanking regions ([Figure 2(d](#F0002))). Taken together, *H. parviporum* DNA methylation occurred in the sequence contexts of CpG, CHG and CHH, but showed a drastically stronger preference for CpG context irrespective of the asexual lifecycle stages and lifestyles. Those methylated sites, particularly in CpG context, were found extensively clustered in TE-rich regions with a certain amount of sites situated in genes and gene-flanking regions. Nonetheless, variation of *H. parviporum* methylome was observed during its asexual development and different lifestyles, reinforcing the dynamic nature of DNA methylation.10.1080/15592294.2018.1564426-F0004Figure 4.Genome-scale map of DNA methylation density in 10-kb windows of three biological replicates of MYCEL. Each circle from the outside to the inside depicts: (a) *H. parviporum* 287 scaffolds from the largest to the smallest size arranged in clockwise; (b) gene density; (c) transposable elements density; (d--f) methylation density in CpG, CHG and CHH context, respectively.

Transcriptomic profiles associated with fungal development and different lifestyle strategies {#S0005}
=============================================================================================

The transcriptomes obtained using RNA-seq revealed a total of 18--21, 10--15, 28--34 and 32--40 million clean read pairs from MYCEL, NECT, SAP, SPORE samples, respectively, that were uniquely mapped onto the *H. parviporum* 96026 genome ([Table 1](#T0001)). The PCA of the transcriptomes distinctly clustered all 12 samples into a MYCEL group, a SPORE group and a third group comprised of NECT and SAP samples, demonstrating a more similar transcriptional pattern shared by NECT and SAP samples (Supplementary Figure S1B). Accordantly, there were remarkably less differentially expressed genes when NECT were compared to SAP samples (469 genes) than when NECT or SAP were compared with either MYCEL or SPORE samples (e.g., NECT vs MYCEL, 3663 genes; NECT vs SPORE, 5565 genes).

As our transcriptomic data represented *H. parviporum* growth under different conditions apart from the axenic culture, we then focused on identifying highly expressed genes specific to each condition. Those condition-specific genes were significantly up-regulated under that particular condition when compared with all remaining studied conditions. As a result, 56, 108 and 1321 genes were obtained and designated as NECT-, SAP- and SPORE-specific genes, respectively ([Figure 5(a](#F0005)--[c)](#F0005)). As NECT and SAP displayed similar transcriptional profile, we also inspected genes that were up-regulated in both NECT and SAP when compared with both MYCEL and SPORE, and defined the resulting 896 genes as *in planta*-expressed genes. Hierarchical clustering of the TPM values of those genes clearly yielded four clusters corresponding to these four individual gene sets ([Figure 5(d](#F0005))).10.1080/15592294.2018.1564426-F0005Figure 5.Selection of condition-specific genes and *in planta*-expressed genes. (a) Venn diagram showing the number of significantly up-regulated (unique and common) genes during mycelial growth in living trees (NECT) relative to mycelial growth in liquid media (MYCEL), sawdust (SAP) and conidiospores (SPORE). (b) Venn diagram showing the number of significantly up-regulated (unique and common) genes in SAP relative to MYCEL, NECT and SPORE. (c) Venn diagram showing the number of significantly up-regulated (unique and common) genes in SPORE relative to MYCEL, NECT and SAP. The numbers in bold red indicated the number of condition-specific genes. (d) Hierarchical clustering of condition-specific and *in planta*-expressed genes using their TPM values.

Functional categorization of selected gene sets from transcriptomic analysis {#S0006}
============================================================================

We closely inspected the selected gene sets and categorized their main functions based on the available annotations from a previous study \[[14](#CIT0014)\] and overrepresented GO terms or KEGG pathways. The SPORE-specific genes dramatically outnumbered the NECT- and SAP-specific genes, having 1321 genes (Supplementary Table S3A), which presented GO enrichment of Small molecule metabolic process (GO:0044281), Secondary metabolic process (GO:0019748), Protein folding (GO:0006457) and Translation factor activity, RNA binding (GO:0008135) and KEGG pathway enrichment of Oxidative phosphorylation (hir00190), Spliceosome (hir03040), RNA polymerase (hir03020), Pyrimidine metabolism (hir00240) and Purine metabolism (hir00230) ([Table 2](#T0002)). Although not significantly enriched, other main KEGG pathways (at least 8 involved genes) were found involved in similar activities as above enriched terms, such as Ribosome (hir03010, 14 genes), RNA transport (hir03013, 14 genes), Protein processing in endoplasmic reticulum (hir04141, 13 genes), Ubiquitin mediated proteolysis (hir04120, 8 genes), and Biosynthesis of amino acids (hir01230, 18 genes) (Supplementary Table S3A). The main KEGG pathway of Carbon metabolism (hir01200, 19 genes) including Citrate cycle, Glyoxylate cycle and Pentose phosphate pathways were also up-regulated in conidiospores of *H. parviporum*, further supplying energy and metabolic intermediates for various biosynthetic processes. Pathways of Lipid metabolism such as Glycerophospholipid metabolism (hir00564, 6 genes), Sphingolipid metabolism (hir00600, 4 genes) and Glycerolipid metabolism (hir00561, 4 genes) were expectedly up-regulated as spore membrane components, energy storage or signaling molecules.10.1080/15592294.2018.1564426-T0002Table 2.Significantly enriched GO terms and KEGG pathways of selected gene sets.IDsAnnotationType^a^p-valueExpectedSignificantAnnotatedTested genesGO:0044281Small molecule metabolic processBP4.7E-0576.9492597SPORE-specificGO:0019748Secondary metabolic processBP0.00141.93715SPORE-specificGO:0006457Protein foldingBP0.00935.801245SPORE-specificGO:0008135Translation factor activity, RNA bindingMF0.00384.541139SPORE-specificKegg:hir00190Oxidative phosphorylation-1.3E-04-2480SPORE-specificKegg:hir03040Spliceosome-9.0E-04-2388SPORE-specificKegg:hir03020RNA polymerase-0.0018-1229SPORE-specificKegg:hir00240Pyrimidine metabolism-0.0046-1870SPORE-specificKegg:hir00230Purine metabolism-0.0063-2087SPORE-specificGO:0003700DNA binding transcription factor activityMF3.0E-041.337130SAP-specificGO:0005975Carbohydrate metabolic processBP7.4E-061.278249NECT-specificGO:0016798Hydrolase activity, acting on glycosyl bondsMF1.0E-050.817138NECT-specificGO:0005975Carbohydrate metabolic processBP1.6E-1222.2457249*In planta*-expressedGO:0055085Transmembrane transportBP0.008116.8827189*In planta*-expressedGO:0016798Hydrolase activity, acting on glycosyl bondsMF5.1E-0612.7230138*In planta*-expressedGO:0022891Substrate-specific transmembrane transporter activityMF0.001016.7830182*In planta*-expressedGO:0043167Ion bindingMF0.0079128.491511394*In planta*-expressedGO:0006259DNA metabolic processBP9.2E-091.8210153Amenable genes[^1]

Intriguingly, SAP-specific genes displayed significant overrepresentation of the GO terms of DNA binding transcription factor activity (GO:0003700) ([Table 2](#T0002)). In total, 12 out of 108 genes (Supplementary Table S3B) were predicted to have DNA binding domains related to transcription factors such as the Zn(2)-C6 fungal-type DNA binding domain, Zinc finger C2H2-type and Basic-leucine zipper domain \[[15](#CIT0015)\]. The genes associated with signaling and other regulatory processes were also highly induced and equally dominant in the SAP-specific gene subset. There were three genes encoding proteins affiliated with Protein kinase-like domain family, members of which could catalyze the phosphorylation of a wide range of protein substrates \[[16](#CIT0016)\]. Opposite to the phosphorylation process, one tyrosine-specific and one serine/threonine-specific phosphatase were also found. Moreover, one up-regulated gene encoded a Rho GTPase-activating protein domain, which catalyzes the hydrolysis of GTP attached to the GTPase from Rho family, thereby inactivating the Rho GTPase \[[17](#CIT0017)\]. Antagonistically, one gene was found to contain the Dbl homology (DH) followed by the Pleckstrin homology (PH) domains that have been shown to engage in guanine nucleotide exchange factors (GEFs) activity and activate Rho GTPase \[[17](#CIT0017),[18](#CIT0018)\]. An Arrestin-related protein might also involve in signaling pathways \[[19](#CIT0019)\]. In addition to signal transduction, *H. parviporum* overexpressed two genes with predicted families of Histone-lysine N-methyltransferase SETD1-like and Histone methyltransferase complex subunit ASH2, respectively, that could both act in the methylation of lysine 4 of histone H3 in yeast \[[20](#CIT0020),[21](#CIT0021)\]. One leucine carboxyl methyltransferase that functions in the regulation of the serine/threonine protein phosphatase 2A (PP2A) activity in yeast \[[22](#CIT0022)\] and one subunit of the Mediator regulatory module that represses the transcription of a subset of genes regulated by the Mediator complex in eukaryotes \[[23](#CIT0023)\] were also strongly induced. Not surprisingly, *H. parviporum* was also equipped with a minority of genes from other categorized functional groups, such as the three proteins implicated in biosynthesis of secondary metabolites (putative terpenoid synthase/cyclase), two transporters (one ammonium and one sugar transporter), one guanine deaminase (hydrolyzing guanine to xanthine and ammonia \[[24](#CIT0024)\]) and two proteases (one secreted aspartyl protease and one metallopeptidase) potentially contributing to fungal nutrient acquisition. Taken together, the predominant number of genes of diverse regulatory activities underlined that *H. parviporum* has established an extensive invasive mycelial network from their sawdust inoculum source, where a variety of responses were triggered or altered to maximize the usage of available resources.

The NECT-specific gene set was enriched in genes involved in carbohydrate metabolic process (GO:0005975) and genes possessing hydrolase activities, acting on glycosyl bonds (GO:0016798) ([Table 2](#T0002)). Close inspection of NECT-specific genes (Supplementary Table S3C) showed that 15 out of 56 genes encoded putative carbohydrate-active enzymes (CAZymes), 12 of which could be secreted. These CAZymes were predicted mainly to target plant cell wall polysaccharide complex, including cellulose, hemicellulose, pectin and lignin (Supplementary Table S3C) \[[25](#CIT0025)\]. The sugars derived from plant cell wall degradation might then be translocated and utilized as carbon source as two sugar transporters were also highly induced. One gene coding for hydroxyisourate hydrolase that normally functions in the purine catabolism pathway was highly expressed, indicating that purine might serve as a nitrogen source for fungal necrotrophic interaction \[[24](#CIT0024)\]. Additionally, *H. parviporum* up-regulated several genes encoding proteins associated with detoxification and stress tolerance, such as the secreted cytochrome P450 and the glutathione S-transferase that could conjugate the reduced form of glutathione (GSH) to xenobiotic substrates for detoxification. To facilitate necrotrophic development and subvert plant defense response, pathogens need to deploy an arsenal of pathogenicity factors involving secondary metabolites and small secreted proteins. In agreement with this, three genes encoding secreted hypothetic proteins and one gene that appeared to have 97% similarity to a nonribosomal peptide synthetase-like gene (protein id:57251) of *H. irregulare* TC 32-1 \[[26](#CIT0026)\] were highly induced. Interestingly, two genes related to NADH dehydrogenase participating in mitochondrial oxidative phosphorylation might be triggered to provide more energy needed for confronting with trees.

Similarly, *in planta*-expressed 896 genes (Supplementary Table S3D) showed overrepresentation of genes engaged in carbohydrate metabolic process (GO:0005975) and of hydrolase activities, acting on glycosyl bonds (GO:0016798) with additional enriched terms of transmembrane transport (GO:0055085) and ion binding (GO:0043167) ([Table 2](#T0002)). The *in planta*-expressed genes were dominated by genes spanning all the functional categories mentioned in NECT- and SAP-specific list along with a few additional categories (e.g., CAZymes, hydrophobins, proteinases, cytochrome P450, MFS transporters, sugar and amino acid transporters, kinases/phosphatases, transcription factors, and secreted hypothetic proteins).

Associations of TE expression with DNA methylation {#S0007}
==================================================

With the demonstrated DNA methylation in TE-rich regions, we next examined the expression of the predicted TEs and their connections to DNA methylation. In *H. parviporum* 96026, more than half of the predicted TEs (54.4%) were uncategorized, occupying approximately 5% of the fungal genome \[[14](#CIT0014)\]. Among the categorized TEs, the long terminal repeat (LTR) retrotransposon (32.7%) was the most abundant class, accounting for 14.6% of genome, followed by DNA transposon (10.9%) and non-LTR retrotransposon (2.0%) covering 0.92% and 0.28% of the full genome, respectively ([Figure 6(a](#F0006))). We analyzed the expression and methylation of the classified TEs in more detail in this study. In each subclass, only a few TEs were expressed in studied conditions with the exception of the 'Others' of LTR retrotransposons that were all silent ([Figure 6(b](#F0006))). Particularly, *Gypsy*, the most abundant superfamily, merely had 1.3--7.2% of its members expressed with the lowest expression levels (0.53--1.77 TPM) among all TE subclasses ([Figure 6(b](#F0006),[c](#F0006)). Differently, most of TEs in each subclass were methylated ([Figure 6(d](#F0006))). For example, 83.8--87.9% of *Gypsy* members have been found methylated in CpG context with average methylation level of 50.1--56.7%. The unexpressed elements of 'Others' LTR retrotransposons subclass had the average methylation level of 87.4--97.1%. The significant negative association between TE expression levels and TE methylation levels was present in all TE (sub)classes (except for the 'Others' LTR retrotransposons) and in all conditions (Supplementary Figure S3), and the *Rho* correlation coefficients ranged from -0.72 to -0.73 in those conditions (*p* \< 0.001).10.1080/15592294.2018.1564426-F0006Figure 6.Expression levels and methylation status of different classes of TEs. (a) Occurrences of predicted TEs in *H. parviporum* 96026 genome. (b) Barplot showing the number of expressed TEs in the studied four conditions. 'TOTAL' represented the total number of TEs in each subclass. The biological replicates of each condition were indicated by using the same bar color. (c) Boxplot of TEs expression level represented by Log2 TPM values in the studied conditions. (d) Barplot showing the number of methylated TEs. 'TOTAL' represented the total number of TEs in each subclass. The biological replicates of each condition were indicated by using the same bar color.

Associations of gene expression with DNA methylation {#S0008}
====================================================

The certain level of DNA methylation found in genes and gene-flanking regions subsequently led us to check the relationship between the gene expression level and their methylation status as well. In both the transcribed regions and within 1.5 kb upstream of genes, the non-expressed genes (1^st^ group) showed a wide range of methylation level ([Figure 7(a](#F0007),[c)](#F0007)) with a majority of genes either heavily or weakly methylated ([Figure 7(e](#F0007),[f)](#F0007)), resulting in markedly higher average CpG methylation level (gene body: 60.9--64.1%; gene upstream: 51.1--56.0%) than the expressed genes ([Figure 7(b](#F0007),[d)](#F0007)). Nonetheless, the most highly expressed genes (5th group) were least methylated (gene body: 0.45--0.57%; gene upstream: 1.10--1.44%) ([Figure 7(a](#F0007)--[d)](#F0007)). Noticeably, the moderately expressed genes (3rd and 4th groups) had similar average methylation level (gene body: 0.50--0.61%; gene upstream: 1.30--1.77%) to the most highly expressed genes, but smaller than the lowly expressed genes (2nd group; gene body: 1.56--3.12%; gene upstream: 2.80--4.09%) ([Figure 7(b](#F0007),[d)](#F0007)). The *Rho* correlation coefficients between gene expression level and methylation level for transcribed regions (−0.080 to −0.118) and for 1.5 kb upstream of genes (−0.084 to −0.113) were dramatically smaller than those of TEs. Consequently, it is likely that DNA methylation exerts essentially little regulatory effects on the expression of most of genes, except for a small population of genes, the expression of which might be subject to repressive control under specific conditions.10.1080/15592294.2018.1564426-F0007Figure 7.Association of expression level represented by Log (TPM+1) with CpG methylation levels of (a,b) transcribed region of genes and (c,d) 1.5 kb upstream of genes in the four conditions. The gene expression levels were divided into five groups. The 1st group represented the non-expressed genes, and 2nd to 5th groups included the lowest 25% to the highest 25% of expressed genes in the four conditions. Genes of all biological replicates were plotted. (e) The distribution of DNA methylation level of transcribed region of 1st group of genes (non-expressed genes). (f) The distribution of DNA methylation level of 1.5 kb upstream of 1^st^ group of genes (non-expressed genes).

We next inspected those heavily methylated (CpG methylation level ≥75%) and non- or lowly expressed (TPM≤1) genes in at least one condition (hereinafter called amenable genes). In total, 278 and 254 predicted amenable genes having high methylation level in their transcribed regions and within 1.5 kb upstream, respectively, were singled out, of which 232 genes were strongly methylated in both regions. The GO term of DNA metabolic process (GO:0006259) was enriched in this amenable gene set ([Table 2](#T0002)). However, only 79 genes were predicted to encode InterPro domains (Supplementary Table S4A,B), among which a large fraction of genes (23 genes) were found to possess domains associated with TEs such as reverse transcriptase domain, integrase catalytic core domain, ribonuclease H-like domain and retrotransposon gag domain (Supplementary Table S4A). It appeared that most of those genes were flanked by, partially overlapped or completely embedded in the predicted TE sequences. Additionally, genes containing helicase-related domains including DEAD/DEAH RNA helicase domain and DNA helicase Pif1-like domain were also found abundant (Supplementary Table S4A). Intriguingly, four CAZymes (namely, one secreted GH51, one secreted PL1, and two GMC oxidoreductases), one secreted serine protease (S53), three proteins from cytochrome P450 superfamily (one secreted) and six Zinc finger C2H2-type domain containing proteins were among the list (Supplementary Table S4A), potentially amenable to transcriptional suppression effects inflicted by DNA methylation.

Lastly, to reveal the involvement of DNA methylation in the modulation of gene expression in response to our different studied conditions, we identified differentially methylated cytosine sites (DMS, FDR\<0.01) from the pairwise comparisons of our interest, namely, NECT vs MYCEL, SAP vs MYCEL and SPORE vs MYCEL. To improve the statistical efficiency, we only considered the cytosine sites that had methylation occurred in at least one sample of the compared conditions. There were 76,969, 185,815 and 89,861 DMS in the above-mentioned comparisons, respectively, with 10,870, 17,222 and 6091 DMS located in the gene transcribed regions, and 8060, 14,656 and 5685 DMS situated within 1.5 kb upstream of genes (Supplementary Figure S4). We then selected the DMS-associated genes (harboring at least six DMS in either transcribed regions or within 1.5 kb upstream of genes) and compared them with the differentially expressed genes in corresponding comparisons.

In total, there were 23 DMS-associated, up-regulated genes when NECT (16 genes), SAP (22 genes) and SPORE (0 genes) were compared with MYCEL, of which 15 genes were shared by NECT vs MYCEL and SAP vs MYCEL comparisons (Supplementary Table S5A). Interestingly, 13 out of the 23 genes also belong to the amenable genes aforementioned, further supporting their transcriptional propensity to be repressed by DNA methylation in a condition-dependent manner. As the example shown in [Figure 8(a](#F0008)), these 13 genes together with another five expressed genes following the methylation pattern that their transcribed regions or within 1.5 kb upstream or both regions were methylated in all conditions with NECT and SAP being less methylated than MYCEL and SPORE (methylation pattern I), presumably rendering their higher transcript abundance in NECT and SAP. The remaining five genes had slightly higher methylation levels in NECT and SAP than MYCEL and SPORE, despite being up-regulated in NECT and SAP (methylation pattern II). Nonetheless, the methylation level of the cytosine sites was generally very low (average CpG methylation level less than 10%) ([Figure 8(b](#F0008))). The genes complying with the first methylation pattern included three amenable genes mentioned above (secreted serine protease S53, secreted cytochrome P450 and GMC oxidoreductase), and genes encoding ATPase related domain of AAA type, Ankyrin repeat-containing domain, F-box domain, and WD40-repeat-containing domain (Supplementary Table S5A). Genes of pattern II also included a member of cytochrome P450 superfamily (Supplementary Table S5A).10.1080/15592294.2018.1564426-F0008Figure 8.Examples of methylation patterns in relation to expression level under different conditions. (a) Methylation pattern I: One GMC oxidoreductase (evm.scaffold20.13) was heavily methylated in all conditions with lower methylation level and higher transcript abundances in NECT and SAP. (b) Methylation pattern II: One protein from cytochrome P450 superfamily (evm.scaffold2.271) had slightly higher methylation levels and higher transcript abundance in NECT and SAP. (c) Methylation pattern III: RNA polymerases III RPC1 subunit encoding gene (evm.scaffold29.111) had higher methylation levels and lower transcript abundance in NECT and SAP.

On the other hand, there were 28 DMS-associated, down-regulated genes in the comparison of NECT vs MYCEL and 39 genes in SAP vs MYCEL with 25 genes shared by both comparisons (Supplementary Table S5B). Similarly as the up-regulated genes, not a single DMS-associated gene could be pinpointed to link to the down-regulation of genes when SPORE was compared to MYCEL. Moreover, we noticed another distinct methylation pattern that NECT and SAP displayed higher methylation levels than MYCEL and SPORE (methylation pattern III, [Figure 8(c](#F0008))), which was functionally in agreement with their reduced expression level. However, none of those genes was observed to be as heavily methylated (CpG methylation level ≥75%) as the DMS-associated, up-regulated genes to completely silence their expression (TPM≤1). In analogy to the up-regulated genes, genes encoding WD40-repeat-containing domain, Ankyrin repeat-containing domain and F-box domain were present in the down-regulated gene list. Strikingly, one gene encoding DNA-directed RNA polymerase III subunit RPC1 possessed the highest number of DMS (842 DMS in NECT vs MYCEL and 987 DMS in SAP vs MYCEL) among all down-regulated genes ([Figure 8(c](#F0008)), Supplementary Table S5B). Other than that, one secreted protein and one acetyl-CoA synthetase-like protein also had more than 200 DMS in both comparisons among genes having InterPro annotations.

It is worth mentioning that as NECT vs SAP had only 469 differentially expressed genes and 265 DMS (not shown), no DMS-associated genes could be identified to clearly correspond to the transition of saprotrophic sawdust growth to necrotrophic growth within host trees. Additionally, our highly expressed condition-specific genes classified from transcriptomics had almost no detectable or very low methylation level.

DNA methyltransferases {#S0009}
======================

Three putative DNA methyltransferases (DNMTs)-coding genes with RNA transcript support were identified in *H. parviporum* genome. Based on the signature domains, we assigned two genes (evm.scaffold1.83 and evm.scaffold4.208) to the Dnmt1/Dim2-like group and the remaining one gene (evm.scaffold1.1154) to the Dnmt2/RID-like group. Phylogenetic analysis of these two groups of *H. parviporum* DNMTs revealed that the two DNMTs from Dnmt1/Dim2-like group clustered with the *Ascobolus immersus* Masc2 belonging to Dnmt1 family \[[27](#CIT0027)\], Dnmt1a and Dnmt1b of other two basidiomycetes *Coprinopsis cinerea* and *Laccaria bicolor* \[[12](#CIT0012)\], supporting the presence of two copies of Dnmt1 for maintenance methylation in *H. parviporum* (Supplementary Figure S5A). The DNMT from Dnmt2/RID-like group is the ortholog of *C. cinerea* and *L. bicolor* DNMTs from Dnmt2 family responsible for tRNA^Asp^ methylation, and is distant from the well-characterized RID1 of *Neurospora crassa*, Masc1 of *A. immersus* as well as Dnmt3 from plants and animals (Supplementary Figure S5B). Interestingly, in contrast to evm.scaffold1.1154 that was expressed in all our studied conditions, evm.scaffold1.83 was mainly expressed in MYCEL and SPORE, whereas evm.scaffold4.208 showed preferential expression in NECT and SAP, implying the alternative activities of Dnmt1 DNMTs in different conditions (Supplementary Figure S5C). Furthermore, one additional gene (evm.scaffold16.93) was found to contain the catalytic DNA methylase domain together with the SNF2_N and Helicase_C domains that are characteristic domains of Snf2 superfamily. This gene could be classified as a member of Rad8 subfamily as described by Huang et al. \[[28](#CIT0028)\] with putative novel yet undefined function.

Discussion {#S0010}
==========

The lifestyles of fungal biota are known to be plastic. Many fungal species are capable of employing multi-trophic strategies such as necrotrophy and saprotrophy as these strategies are not necessarily mutually exclusive \[[29](#CIT0029)--[31](#CIT0031)\]. Similarly, host-pathogen interactions are highly plastic, attributed to constant selection pressure imposed by both interacting organisms. The phenotypic plasticity of fungal pathogens could be derived from their rapidly altered and tactically regulated gene expression profiles in response to changing conditions. Here, we performed an in-depth transcriptomic analysis of the economically significant *H. parviporum*-Norway spruce interaction via saprotrophic sawdust inocula. This not only enabled the identification of fungal genes that are critical during necrotrophic interactions and saprotrophic sawdust growth, but also allowed us to relate a group of genes to the transition from saprotrophy to necrotrophy lifestyles. Additionally, genes and their associated pathways highly induced in conidiospores could constitute a starting point for more detailed studies in the asexual lifecycle of *H. parviporum*.

Spores are generally considered to be dormant and metabolically inactive \[[32](#CIT0032)\]. However, asexual spores could readily germinate upon exposure to suitable conditions (e.g., lab conditions) \[[32](#CIT0032)\]. Germ tube emergence from *H. parviporum* conidiospores was previously observed after 18-hour incubation in Hagem medium \[[33](#CIT0033)\]. During the initial stage of conidial germination, progressive increase of nucleic acid and protein synthesis, energy utilization and fatty acid metabolism were observed in *F. oxysporum* f. sp. *ciceris* \[[35](#CIT0035)\]. Genes implicated in fundamental cellular processes such as ribosome and nucleotide biogenesis, ubiquitin, and translation factors were found to be conidial germination-associated in three *Aspergillus* species \[[34](#CIT0034)\]. In our study, a total of 1321 SPORE-specific genes were obtained, indicative of the occurrences of dramatic metabolic and physiological variation in *H. parviporum* non-resting conidiospores. The GO and KEGG enrichment analysis revealed abundant genes involved in the primary cellular activities including nucleic acid synthesis, transcription, translation, protein processing and degradation as well as metabolism of small molecules and secondary metabolites, which were possibly driven by energy produced by oxidative phosphorylation. Interestingly, although secondary metabolites produced by pathogenic fungi are normally considered to contribute to virulence, examples for potential link of secondary metabolites (e.g., melanin, mycotoxins) to fungal development have also been reported \[[36](#CIT0036)\]. Distinct connections of SPORE-specific genes implicated in secondary metabolite metabolism to *H. parviporum* conidial germination remains undefined and could be highlighted for further study.

In the SAP-specific genes, a large group of encoded proteins were surprisingly found engaged in signal transduction (e.g., kinase-like proteins, tyrosine-specific and serine/threonine-specific phosphatases) or transcriptional regulation (e.g., proteins containing transcription factor-related domains). Interestingly, apart from the genes mediating the phosphorylation/dephosphorylation cycles, another pair of highly expressed genes possess inverse functions in terms of regulating Rho GTPase activity (a negative regulator containing the Rho GTPase-activating protein domain and a positive regulator encoding the Dbl-family guanine nucleotide exchange factor) \[[18](#CIT0018)\]. Rho-family GTPases, albeit with varied contribution, were shown to modulate hyphal morphogenesis such as cell wall integrity, septation formation and polarized hyphal growth in basidiomycetes *Cryptococcus neoformans* and *Ustilago maydis* \[[17](#CIT0017)\]. One protein containing the Usd1 (Up-regulated during septation protein 1) domain (evm.scaffold20.9) originally observed up-regulated during the onset of septation in *Schizosaccharomyces pombe* \[[37](#CIT0037)\] and one subunit of COP9 signalosome complex (evm.scaffold10.170) serving for mediating metabolic response to oxidative stress and cell wall rearrangement during development in *Aspergillus nidulans* \[[38](#CIT0038)\] also appeared up-regulated in *H. parviporum* saprotrophic sawdust growth. Thus, it is likely that *H. parviporum* growing in sawdust might coordinate certain hyphal morphogenesis events with growth condition upon sensing ambient stressors from neighboring saprotrophic or even necrotrophic hyphae. This might be attributed to the concerted regulation of Rho-related GTPases by Rho GTPase-activating protein and guanine nucleotide exchange factor. Furthermore, one type of stress during fungal infection is the elevated pH as a host inhibitory response \[[39](#CIT0039)\]. Consequently, an Arrestin-related protein containing the arrestin N-terminal and C-terminal domains, similar to *A. nidulans* PalF protein involved in ambient pH signaling pathway \[[19](#CIT0019)\], might be triggered for pH signal transduction in *H. parviporum*. Strikingly, two genes (Set1-like and Ash2-like) putatively affiliated with yeast Set1/COMPASS complex, which is specific for histone H3 lysine 4 methylation (H3K4me) \[[20](#CIT0020),[21](#CIT0021)\], were observed in SAP-specific list. H3K4me is a conserved epigenetic mark generally associated with active transcription in eukaryotes \[[40](#CIT0040)\]. Recent studies reported that Set1 responsible for H3K4me in *Fusarium graminearum* was required for hyphal growth, full virulence, biosynthesis of the secondary metabolite deoxynivalenol and regulation of cell wall stress response \[[41](#CIT0041)\]. The Set1 in *Magnaporthe oryzae* was found to play crucial roles in infection-related morphogenesis and pathogenicity \[[42](#CIT0042)\]. Therefore, we speculated that histone methylation might be another employed regulatory means by *H. parviporum*, although more evidence is needed to support this hypothesis. In a nutshell, *H. parviporum* in the sawdust might undergo a series of developmental re-programming to secure its continuous aggression by virtue of robust signaling and regulatory machineries, the coding genes of which could be of key relevance to fungal virulence and lifestyle transition, and merits future experimental investigation.

As reflected by both *in planta*-expressed and NECT-specific genes, *H. parviporum* was mainly steered by the needs of plant penetration (e.g., cell wall degrading CAZymes), flexible utilization of fluctuating nutrients (e.g., sugar transporters), and evasion and tolerance of host-derived defenses and stresses (e.g., cytochrome P450, glutathione S-transferase) to maximize its survivorship during the course of invasive growth. Particularly, those highly induced secreted proteins such as CAZymes, proteases, cytochrome P450 and hypothetic proteins might directly serve as frontline players in interactions with trees, and the functions of these secreted hypothetic proteins deserve further functional characterization. It is noteworthy that when propagated from sawdust to neighboring living tree tissues in our case, *H. parviporum* might tend to use a majority of overlapping molecular repertoire as indicated by the comparatively larger number of *in planta*-expressed genes than NECT- or SAP-specific genes.

With the transcriptomic profiles determined, we then switched to profiling DNA cytosine methylation, for which a growing body of evidence have demonstrated its dynamic patterns and diverse functionalities in fungi \[[7](#CIT0007)--[13](#CIT0013)\]. A range of global methylation levels of 3.3%--5.2% was observed in the four conditions of *H. parviporum* with a pronounced preference for CpG dinucleotides (6.7--9.3%) over non-CpG nucleotide contexts (2.0--3.7%), which is a phenomenon also shared by the majority of other species having methylation pattern studied \[[6](#CIT0006),[7](#CIT0007),[12](#CIT0012)\]. Analysis of the distribution of mC sites at different functional genomic regions uncovered both the clearly elevated methylation level and methylation density in TE-rich regions, particularly in CpG context ([Figure 2(c](#F0002)), [Figure 4](#F0004)), indicating its potential function of controlling the unchecked proliferation of TEs in genome. TEs are often perceived as groups of genomic parasites and have profound effects on genome organization and gene expression \[[43](#CIT0043)\]. As expected, most of the classified TEs especially the most abundant *Gypsy* superfamily in *H. parviporum* were shown to be transcriptionally inactive yet methylated in all conditions ([Figure 6(b](#F0006),[d)](#F0006)). Those highly expressed TEs appeared to be less methylated, demonstrating a general negative correlation between TE expression and TE methylation (Supplementary Figure S3). Moreover, a large proportion of amenable genes (CpG methylation level ≥75%, TPM≤1) were identified to be TEs-associated (e.g., reverse transcriptase domain, integrase catalytic core domain). All lines of evidence taken together, our results underpinned the consensus view of DNA methylation as a fungal genome defense mechanism via transcriptional repression of TEs.

Recently, the presence of cytosine methylation in gene bodies has been increasingly reported in many eukaryotic organisms including fungi \[[13](#CIT0013),[44](#CIT0044)\]. In *H. parviporum*, the occurrences of methylation in genes, markedly increased methylation level in gene flanking regions, together with varied methylation level in different conditions, particularly in NECT and SAP conditions ([Figure 2(c](#F0002),[d)](#F0002)) made us speculate that DNA methylation may, to a certain extent, play a role in condition-specific gene expression. Indeed, we were able to identify a small group of amenable genes that have been extensively methylated (CpG methylation level ≥75%) and barely expressed (TPM≤1) in at least one condition, despite the very low correlation coefficients (−0.080 to −0.118) between the methylation level (upstream or transcribed regions of genes) and expression level of all genes in *H. parviporum*. The GO term of DNA metabolic process enriched in our amenable genes was also found enriched in the heavily methylated genes of the parasitic nematode *Trichinella spiralis* \[[45](#CIT0045)\]. The representative amenable genes, in addition to the TE-associated genes discussed above, also include those encoding helicase-related domains, particularly DEAD/DEAH box helicase domain and Zinc finger C2H2-type domain involved in RNA metabolism and transcriptional regulation \[[46](#CIT0046),[47](#CIT0047)\]. Those genes were basically silent in almost all our conditions, implying their redundant or non- functionality at least in those conditions. However, it remains undetermined if the methylation is a cause or the consequence of their silence.

We then focused on identifying differentially methylated (DMS-associated) and differentially expressed genes cued by our different conditions, among which we categorized three methylation patterns with regards to their expression levels. Methylation pattern I and II were presented by genes that were up-regulated when NECT and SAP were compared with MYCEL. Genes showing pattern I included 13 amenable genes and were extensively methylated in all four conditions but slightly less methylated under NECT and SAP conditions. The expression of such genes (e.g., a secreted serine protease S53, an ATPase, a GMC oxidoreductase) might be silenced by DNA methylation in free-living mycelia (MYCEL) and conidiospores (SPORE) and somewhat de-repressed after transitioning to saprotrophic sawdust or necrotrophic growth (NECT and SAP) as required. Conversely, genes fulfilling pattern II (e.g., a cytochrome P450) had higher methylation level in samples of NECT and SAP than MYCEL and SPORE. However, their methylation levels were rather low (\<10%), and DNA methylation alone might not be sufficient for repression. As it is unclear if any threshold exists for DNA methylation to take effect, the influence of DNA methylation on those genes should be interpreted with caution. Genes of the last pattern were down-regulated when NECT and SAP were compared with MYCEL, which coincided with the increased methylation levels in NECT and SAP, implying the potential transcriptional suppressive role of DNA methylation in those genes under NECT and SAP conditions. However, this group of genes such as the DNA-directed RNA polymerase and acetyl-CoA synthetase-like protein still appeared to be expressed constitutively in all conditions, probably attributed to their intermediate methylation level (\<75%). Additionally, genes encoding WD40 repeat-containing domain, Ankyrin repeat-containing domain and F-box domain were present in both differentially expressed, DMS-associated gene sets, suggesting that those repeat domains might be more prone to the regulations of DNA methylation. Proteins containing these repeat domains are known to serve as scaffolds in assembling functional complexes and provide sites for protein-protein interactions in various important processes such as signal transduction, cell cycle control and ubiquitination \[[48](#CIT0048)--[50](#CIT0050)\]. Their methylation therefore might act as shortcuts to regulate wider intracellular processes.

The clearly different methylation patterns detected between samples of MYCEL, SPORE and of NECT, SAP might be indirectly reflected by the two alternatively induced *H. parviporum* DNA methyltransferases from Dnmt1 family with one being more active in MYCEL and SPORE samples and the other in NECT and SAP samples. Additionally, we did not find any DMS-associated, differentially expressed genes during the conidiospores germination (SPORE vs MYCEL) and transition of saprotrophic sawdust growth to necrotrophic growth (NECT vs SAP), further evidence of which is undoubtedly an important future endeavor.

To summarize, in the work herein, we described and compared the transcriptomic and cytosine methylation profiles from multiple conditions (free-living mycelia, conidiospores, saprotrophic sawdust growth and necrotrophic interaction with host trees) of the conifer fungal pathogen *H. parviporum*. We presented lists of key genes specific to conidiospores, saprotrophic growth, and necrotrophic growth (condition-specific) as well as highly induced genes in both saprotrophic and necrotrophic growth (*in planta*-expressed) ([Figure 9](#F0009)). We showcased that DNA methylation mainly concentrated on TE-rich regions as a conventional genome defense mechanism. We further demonstrated the implication of DNA methylation in gene transcription by identifying sets of genes with varied methylation level during saprotrophic and necrotrophic growth in comparison with free-living mycelia ([Figure 9](#F0009)). A group of silent genes in all conditions probably ascribed to DNA methylation was also explored ([Figure 9](#F0009)). Our data characterized the first and differential methylomes of a conifer pathogen under different conditions, and opened the possibility of DNA methylation as a regulatory mechanism for different lifestyle strategies in this and potentially other fungi for future assessment.10.1080/15592294.2018.1564426-F0009Figure 9.Summary of representative genes or biological processes in the generated gene sets of our study. All analyzed genes sets were summarized in square blocks.

Materials and methods {#S0011}
=====================

Fungal strain, sample preparations, genomic DNA and total RNA extractions {#S0011-S2001}
-------------------------------------------------------------------------

The *H. parviporum* 96026 (HAMBI nr 2359) was cultured on Hagem plates (glucose 5 g/l, NH~4~NO~3~ 0.5 g/l, KH~2~PO~4~ 0.5 g/l, MgSO~4~∙7H~2~O 0.5 g/l, malt extract 5 g/l, pH 5.5) for three weeks at 22 °C for abundant conidiospore formation. Thereafter, conidiospores (SPORE) were collected by flooding the surface of plates with sterile MilliQ, followed by filtering with Miracloth to remove hyphal fragments and further concentrated by centrifuging at 4000 × g for 20 min. The free-living mycelia (MYCEL) derived from spore suspensions were then harvested from three-week old Hagem liquid culture and ground in sterile mortars pre-cooled with liquid nitrogen. The homogenized and concentrated spore suspensions and hyphae powder were subject to genomic DNA and total RNA extractions using Fungal/Bacterial DNA MiniPrep kit (Zymo Research) and TRI Reagent (Sigma Aldrich), respectively, as per manufacturer's instructions.

Additionally, to collect the samples originated from different lifestyles, *H. parviporum* 96026 was cultivated in flasks containing 12 g of sterilized Norway spruce sawdust and 50 ml of nutrient solution (glucose 5 g/l, NH~4~NO~3~ 0.5 g/l, KH~2~PO~4~ 0.5 g/l, MgSO~4~∙7H~2~O 0.5 g/l) for one month at 22 °C prior to field inoculation. In the field, 12 Norway spruce trees with stem diameter of around 12 cm were chosen in a forest in Lapinjärvi, Finland (60.5967 N, 26.1517 E) owned by Natural Resources Institute Finland (Luke). Inoculation was performed as shown in [Figure 1(a](#F0001)) in August by deep drilling till reaching the center of the stem, creating 15 mm in diameter holes. Subsequently, the drilled holes were quickly filled with *H. parviporum* pre-colonized sawdust and sealed with parafilm. Each tree has three inoculations at 50 cm, 100 cm and 150 cm above the ground level. After three and half months, stem tissues containing the inoculated holes were cut from trees. The inoculated holes were then cut open after transportation ([Figure 1(b](#F0001))). Sawdust in the drilled holes ([Figure 1(b](#F0001))) and the surrounding areas of drilled holes containing the mixture of necrotic stem tissues and fungal mycelia ([Figure 1(c](#F0001),[d)](#F0001)) were collected separately. The collected samples were ground into powder by a sterile liquid nitrogen-cooled IKA® A11 basic mill (IKA-Werke GmbH & Co. KG, Germany) and immediately stored at −80 °C until further use. The genomic DNA and total RNA from fungal colonized sawdust (representing fungal saprotrophic growth, SAP) and from the invaded necrotic stem tissue mixture (representing fungal necrotrophic growth, NECT) of these 12 trees (three biological replicates with each replicate consisting of four pooled trees) were extracted simultaneously by a previously described protocol \[[51](#CIT0051)\]. The extracted DNA concentration and integrity were determined by Qubit™ Fluorimeter (Thermo Fisher Scientific Inc.) and gel electrophoresis (1% Tris-acetate-EDTA agarose gel), respectively. The total RNA quality was assessed by Agilent 2100 bioanalyzer.

Whole-genome bisulfite sequencing and data analysis {#S0011-S2002}
---------------------------------------------------

Whole-genome bisulfite sequencing (100-bp paired-end) was carried out for the samples of MYCEL, SPORE, SAP and NECT (three biological replicates per type of sample) using an Illumina HiSeq 4000 platform (San Diego, CA). All library constructions and sequencing were performed at BGI.

The generated reads were preprocessed by BGI to discard reads with adapter contamination, or with more than 10% of either low quality (Q score \<20) or ambiguous bases. Since wrong base calls can introduce incorrect methylation calls, the preprocessed reads were further trimmed by Trim Galore v.0.4.5 (<https://www.bioinformatics.babraham.ac.uk/projects/trim_galore/>) to trim off low-quality bases (Phred score \<20). The resulting sequences shorter than 20 bp were removed. The quality of processed reads was assessed by FASTQC v.0.11.2 (<http://www.bioinformatics.babraham.ac.uk/projects/fastqc/>).

As DNA methylation is strand-specific, the trimmed reads were *in silico* transformed into fully bisulfite-converted reads (i.e., cytosine residues on the forward reads were replaced by thymine and guanine residues on the reverse reads were replaced by adenosine). Subsequently, the converted reads were mapped against the similarly converted versions of *H. parviporum* 96026 reference genome \[[14](#CIT0014)\] (i.e., every cytosine in plus strand was converted to thymine and every guanine in minus strand was converted to adenosine) by Bowtie2v.2.3.2 \[[52](#CIT0052)\] incorporated in Bismark v.0.19.0 pipeline \[[53](#CIT0053)\], allowing 0 mismatches in seed alignment (-I 0 -X 2000 -N 0). The resulting BAM files were deduplicated and methylation statuses per cytosine site were extracted (ignoring the first 2 bp from 5′ end of read2) by Bismark v.0.19.0.

Methylation was reflected by the methylation level and methylation density. Methylation level of a specific cytosine site was defined as the number of methylated reads divided by total number of reads covering that particular site, whereas methylation density was described as the number of methylated cytosine sites (mC) divided by total number of cytosine sites in the fungal genome and in CpG, CHG and CHH nucleotide contexts across the genome. Principal component analysis (PCA) of the methylome of all samples was performed with the prcomp function in R v.3.0.2 \[[54](#CIT0054)\]. The average methylation level of different functional genomic regions (TEs, genes, exons, introns, 1.5 kb upstream of genes relative to putative transcription start sites and 1.0 kb downstream of genes relative to putative transcription termination sites) in CpG, CHG and CHH contexts were determined. Furthermore, TE and gene densities in 10 kb window together with the methylation density of CpG, CHG and CHH in corresponding 10 kb window were visualized with Circos v.0.69.5 \[[55](#CIT0055)\].

To identify the differentially methylated cytosine sites (DMS) between different conditions, cytosine sites that have no reads mapped in any samples or were globally unmethylated were filtered out. Thereafter, DMS were identified by RADMeth \[[56](#CIT0056)\] (-bins 1:100:1; false discovery rate, FDR\<0.01). Genes having at least six DMS in transcribed regions or within 1.5 kb upstream were defined as DMS-associated genes.

RNA-seq, gene and transposable elements (TEs) expression analysis {#S0011-S2003}
-----------------------------------------------------------------

The RNA-seq of free-living mycelia (three biological replicates) was conducted in a previous study \[[14](#CIT0014)\]. Paired-end libraries were prepared for the total RNA extracted from samples of SPORE, SAP and NECT (three biological replicates per type of sample) and sequenced with an Illumina HiSeq 4000 platform (100 bp) at BGI. Reads yielded from RNA-seq were preprocessed by BGI using the same criteria as for bisulfite sequencing reads, followed by assessment with FASTQC v.0.11.2.

The processed RNA-seq reads were mapped against the *H. parviporum* 96026 genome with STAR v.2.5.2b \[[57](#CIT0057)\] and uniquely mapped reads were counted at gene level by HtSeq-count script within HTSeq v.0.6.1p1 \[[58](#CIT0058)\]. The resulting raw read count table of 10,502 predicted genes was normalized by Transcripts Per Million (TPM) method, followed by PCA to assess the variability of the transcriptome among samples. Moreover, the raw read count was also used to identify differentially expressed genes when the samples of four conditions were pairwise compared using edgeR package \[[59](#CIT0059)\] in R v.3.0.2. Genes with less than 1 read per million in at least 3 of the 12 samples were excluded for further analysis \[[60](#CIT0060)\]. The cutoff values for defining differentially expressed genes were FDR \<0.01 (Benjamini-Hochberg adjustment) and log2-fold-changes (logFC) \>1.

Among the differentially expressed genes from all possible pairwise comparisons, genes that were commonly up-regulated in one condition when compared with the remaining three conditions were designated as condition-specific genes. Genes that were significantly up-regulated both during sawdust growth and invasive growth in living stem tissues compared with free-living mycelia and conidiospores were considered as *in planta*-expressed genes. Hierarchical clustering was performed with Morpheus (<https://software.broadinstitute.org/morpheus>) using TPM values (Pearson correlation, average linkage).

To identify the enriched Gene Ontology (GO) terms in selected gene sets, the whole proteome of *H. parviporum* was first blastp against the curated SWISS-PROT protein database v.2017.10 (E ≤ 10--5). The associated GO terms of top hits were mapped and assigned to protein sequences by BLAST2GO v.4.0.7 \[[61](#CIT0061)\]. Additional terms were retrieved by InterProScan v.5.26.65 \[[62](#CIT0062)\] and merged to the existing GO annotations. All GO terms were ultimately condensed to corresponding broad functional categories using GO-Slim generic database in Blast2GO. GO (biological process and molecular function) enrichment analysis was achieved with topGO v.2.30.0 \[[63](#CIT0063)\] (p \< 0.01) using Fisher's exact test. Enriched KEGG pathways were detected by KOBAS v.3.0 \[[64](#CIT0064)\] (Benjamini-Hochberg adjusted p \< 0.05).

The predicted TEs in *H. parviporum* 96026 were extracted by a Perl script (parseRM_ExtractSeqs_P.pl, available at <https://github.com/4ureliek/Parsing-RepeatMasker-Outputs>). RNA reads were mapped to the extracted TEs by Bowtie2 v.2.3.2 incorporated in the TEtools pipeline \[[65](#CIT0065)\] and quantified by the TEcount program in TEtools. The generated TE raw count was normalized with TPM method.

TEs and genes were deemed as expressed or methylated if their TPM values or average methylation levels were higher than 0. The correlation between the expression levels and methylation levels was examined by Spearman correlation test in R v.3.0.2.

Phylogenetic analysis of DNA methyltransferases {#S0011-S2004}
-----------------------------------------------

The putative C5-DNA methyltransferases (DNMTs) in *H. parviporum* 96026 were identified based on the domain annotations. Afterwards, protein sequences of DNMTs from selected species of bacteria, fungi, plants and animals were retrieved from UniProt knowledgebase \[[66](#CIT0066)\] and Joint Genome Institute (JGI) Genome Portal (<https://genome.jgi.doe.gov/portal/>) (Supplementary Table S6). Domain attribute was deduced by InterProScan v.5.26.65. Dnmt1/Dim2-like and Dnmt2/RID-like proteins were separately subject to phylogenetic analysis by MEGA v.7 \[[67](#CIT0067)\]. Full-length protein sequences were aligned by MUSCLE \[[68](#CIT0068)\], and constructed into Neighbor-joining trees. The bootstrap was set as 500 to assess the reliability of constructed trees.
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